ABSTRACT: Growing, axenic cultures of the eukaryohc marine microalga Micromonas pusilla (Prasinophyceae) were inoculated with 0.7 infectious particles cell-' of the vlral pathogen MPV (Micromonas pusilla virus). Starting 1 1 to 14 h after the inoculation, rapid release of intracellular dimethylsulfoniopropionate (DMSP) to the dissolved pool occurred along with cell lysis. DMSP release was total. Release facilitates bacterial degradation of DMSP to dimethylsulfide, a gas that affects cloud cover over the oceans. Viruses of eukaryotic manne phytoplankton may thus participate in the biological shaping of global climate.
INTRODUCTION
The atmospheric trace gas dimethylsulfide (DMS) is believed to affect cloud cover and global climate (Shaw 1983 , Charlson et al. 1987 , Andreae 1990 , Bates et al. 1992 , Malin et al. 1992 , Charlson 1995 , Malin 1996 . Eukaryotic marine phytoplankton that synthesize dimethylsulfoniopropionate (DMSP), a nonvolatile DMS precursor, appear to be the principal source of DMS (Keller et al. 1989a) . DMS is formed from DMSP by enzymatic cleavage. Although some phytoplankton possess a DMSP lyase (Stefels & van Boekel 1993 , Steinke et al. 1996 , the principal agents of DMS formation from DMSP in the oceans are believed to be free-living heterotrophic microbes, of which bacteria (Visscher et al. 1992 , Ledyard & Dacey 1994 , Taylor & Visscher 1996 are best described. Although the climate effects of DMS are being eclipsed in certain regions of the globe by burgeoning anthropogenic sulfur emissions, DMS remains important where anthro-'E-mail: hiUr@pilot.msu.edu "Present address: College of Marine Studies, University of Delaware, Lewes, Delaware 19958, USA pogenic influences are not overwheln~ing (Bates et al. 1992 , Falkowski et al. 1992 , Charlson 1995 , Malin 1996 . DMS accounts for over half of all nonanthropogenic gaseous sulfur input to the atmosphere (Andreae 1990 , Bates et al. 1992 .
Intense interest has developed in processes that accelerate conversion of phytoplanktonic intracellular DMSP to extracellular DMS because of the potential of these processes to increase surface-water DMS concentrations and force greater DMS flux to the atmosphere. Two major processes are known: grazing on algal cells by small planktivores (Dacey & Wakeham 1986 , Leck et al. 1990 , Wolfe et al. 1994 , Chlistaki et al. 1996 and algal senescence (Nguyen et al. 1988 , Malin et al. 1992 , Stefels & van Boekel 1993 .
We reasoned that viral lysis of algae might be a third major process that could accelerate DMS formation, because lysis could cause intracellular DMSP to be released to the water and thus promote bacterial degradation to DMS (Kiene 1990 , Visscher et al. 1992 . The potential importance of marine algal viruses has been appreciated only recently. Although virus-like particles (VLPs) were reported in pro-and eukaryotic phytoplankton at the start of the 1970s (Fuhrman & Suttle 1993) , infectivity and lysis were not demonstrated until the end of that decade (Mayer & Taylor 1979) . The high abundance and diversity of viruses of marine phytoplankton became fully clear only around 1990 (Proctor & Fuhrman 1990 , Suttle et al. 1990 ). This knowledge has heightened interest in the ecological and biogeoch.e.mica1 roles played by algal viruses (Fuhrman 1992 , Reisser 1993 .
A previous, descriptive study of viruses and DMSP (Bratbak et al. 1995) yielded ambiguous results (due, e.g., to uncertainty about virus identity and pathogenicity). We adopted a n experimental approach using a defined alga-virus system and employing axenic algal cultures so that virus-mediated processes could be observed unconfounded by bacterial processes. We found that viral lysis of DMSP-synthesizing eukaryotic phytoplankton releases the entire intracellular DMSP pool to the water. This result demonstrates for the first time that viruses are potentially a component of the biological system that affects marine climate via sulfur biogeochemistry.
MATERIALS AND METHODS
Biological materials. We chose the microflagellate Micromonas pusilla (Prasinophyceae) and, its speciesspecific viral pathogen MPV (Mayer & Taylor 1979) for our experiments because thjs alga and virus constitute the best-defined host-virus system known for marine eukaryotic algae (Cottrell & Suttle 1991) . The axenic algal culture was derived by one of us (Cottrell & Suttle 1993 ) from M. pusilla strain LB991 [University of Texas Culture Collection of Algae (Starr & Zeikus 1993)] . A clone of the culture has been deposited at the Provasoli-Guillard Center for Culture of Marine Phytoplankton (Cottrell & Suttle 1993) . The material we used had been maintained at the Universi.ty of Texas at Austin Marine Science Institute since production of the axenic culture there. The axenic state of the culture during experiments was confirmed by use of phasecontrast rnicroscopy, acridine orange staining, and a Difco-AC-broth-based purity test medium. The virus employed was a clone of MPV isolated from seawater collected at Scripps Pier (La Jolla, California, USA) and cies~gnatea PIW-SPi (Cottrell & Suttle 1991 , 1995 .
Procedure. The vessels for experiments were autoclaved 1 1 Erlenmeyer flasks sealed with silicon-rubber stoppers equipped with sterile sampling ports. The stoppers and ports were selected and designed to maximize DMS retention, and preliminary tests demonstrated that the vessels retained >90% of added DMS for 40 h. Each vessel was filled with sterile artificial seawater (Cottrell & Suttle 1991) and inoculated with axenic algal culture (total liquid volume: 700 ml; headspace: 373 ml) 43 h before experiments began. Vessels were maintained at 22 to 24"C, 58 cm from a bank of Philips cool white fluorescent bulbs (photosynthetically active radiation averaged 50 pm01 quanta m-2 S-'). Algal populations were growing rapidly in the vessels at the start of experiments. At time 0, 7 vessels were Inoculated with virus, whereas 3 control vessels received no viral addition. Each inoculated vessel received 25 to 28 m1 of a viral lysate [4.2 X 10' infectious particles ml-' estimated by most probable number assay (Cottrell & Suttle 1995 )j prepared by complete lysis of a high-density Micromonas pusilla culture. As it was injected, the lysate added to each vessel was filtered through a sterile Millipore polyvinylidene difluoride Durapore HVLP filter (0.45 pm pore diameter) to avoid adding bacteria to the axenic culture. The dose inoculated into each vessel was 0.7 infectious particles per algal cell (calculated assuming 65 % passage oi virus through the filter, as measured previously). Periodically, 14 m1 of culture was aseptically withdrawn from each inoculated and control vessel. Part of each sample (8 ml) was used to measure algal cell density. The remainder (6 ml) was immediately filtered through a Whatman GF/F glass-fiber filter [nominal pore size: 0.6 to 0.7 pm (Koike et al. 1990 )] directly into a sealed 12 m1 glass vial. Filtration was performed as gently as possible while keeping duration to c90 S; filters were wetted with artificial seawater before use, and low suction was employed (pressure differential: 10 cm H20, continuously monitored). Fluorometry (Turner 10-AU Fluorometer at maximal sensitivity) demonstrated that filtrate from this procedure was chlorophyll-free, indicating full retention of algal cells by the filter.
Measurement of DMSP and DMS. DMSP within algal cells in each sample of culture (termed particulate DMSP) was quantified by measuring the DMSP retained by the filter. Extracellular DMSP (termed dissolved DMSP) was measured in the filtrate, as was DMS. To measure DMS, a 1 m1 subsample of each filtrate was sparged promptly after filtration to extract the DMS, which was cryotrapped on Tenax (Alltech) at -15°C and later desorbed by heating. DMSP, whether particulate or dissolved, was converted to DMS by alkali for assay (Dacey & Blough 1987) ; to this end, 5 m1 of filtrate was made 2 N In KOH, the filter was placed in 2 N KOH, and both preparations were incubated in glass vials with teflon-coated butyl-rubber septa (Regis Technologies). DMS In all samples was quantified by gas chroma.tography (Supelco Chromosil 330 column, Sievers 350B chemiluminescence detector, Hewlett Packard 3390A integrator) using standards prepared with pure DMS (Fluka) in background solutions identically matched to the several types of samples assayed. Native DMS in filtrates was subtracted from total DMS measured after treatment with alkali to calculate dissolved DMSP. All calculations recognized partitioning of DMS between liquid and gas phases.
Measurement of cell density. Algal cell density was assayed by fluorometry (Turner 10-AU Fluorometer) (Cottrell & Suttle 1991) . Direct cell counts were performed on a subset of samples using a hemacyton~eter following Lugol's fixation. Cell density estimates by the 2 methods were highly related (rZ = 0.9) (Cottrell & Suttle 1991) , and for samples assayed by fluorometry alone, the regression was used to calculate cell numbers per volume (as in Fig. 1 ).
RESULTS AND DISCUSSION
Viral infection and lysis, as shown in Fig. lA , caused rapid decline of algal cell density and particulate DMSP starting 11 to 14 h after inoculation. Dissolved DMSP increased simultaneously, indicating that as algal cells were lysed, DMSP was released.
After reaching a peak at 11 to 14 h after inoculation, the sum of particulate and dissolved DMSP in virus-inoculated cultures (Fig. 1A) remained constant (1899 to 2052 nmol I-') throughout the phase of massive lysis from 14 to 35 h. This constancy strongly suggests that release of DMSP from virally lysed cells was total, with no conversion of DMSP to DMS or other products. The use of axenic algal cultures meant that DMSP-degrading bacteria were not present. In addition, experiments we performed with chemically pure DMSP added to axenic Micromonas pusilla demonstrated that this alga does not itself form DMS from DMSP.
Control cultures, as seen in Fig. lB , continued to grow and produce particulate DMSP beyond the time that virus-inoculated cultures started to plummet. The controls entered stationary phase, and senescent liberation of DMSP (Nguyen et al. 1988 , Malin et al. 1992 , Stefels & van Boekel 1993 was observed.
Rapid release of DMSP from algal cells by viral infection and lysis was confirmed by over 30 additional replicate tests carried out on virus-inoculated cultures of Micrornonas pusiLla strain LB991. As noted before, LB991 was the originating strain for our axenic culture (Cottrell & Suttle 1995) . Strain LB991 itself, however, is not axenlc; as is true of most culture-center strains, the alga coexists with a bacterial community descended, at least in part, from bacteria present at the time of original isolation. (Koike et al. 1990 , Proctor & Fuhrman 1991 ; portions could consist of particles or colloids smaller than 0.6 to 0.7 pm (Koike et al. 1990 ). Cell density was not measured after 20 h in controls. Sampling continued for 60 h after inoculation, but to emphasize critical results, only the first 36 h is shown algal cultures were free of microbes that metabolize DMSP or DMS. A highly instructive aspect of the experiments with LB991 is that the rise of dissolved DMSP caused by viral lysis was always followed in about 10 h by a marked rise in DMS (Fig. 2A) . Each panel presents a single culture. Note that in virus-inoculated LB991, the rise of dissolved DMSP is truncated by comparison to virus-inoculated axenic cultures. Some dissolved DMSP is microbially degraded to DMS; much, we hypothesize, is accumulated by microbes that are retained by a Whatman GF/F filter. The rise of DMS is itself terminated, presumably by DMS-catabolizing microbes. In control LB991, u.nlike control axenic cultures, no accumulation of dissolved DMSP occurs, presumably because of the same microbial processes that truncate the rise of dissolved DMSP in a lysed culture. Times for dissolved DMSP in the control are shifted forward slightly for clarity. Samphng continued for 56 h after inoculation, but to emphasize critical results, only the first 36 h is shown details of bacterial DMSP processing) were specific to the particular bacterial community in LB991. Thus, they cannot be extrapolated to natural waters. However, the DMS rise demonstrates concretely that algal DMSP becomes susceptible to bacterial degradation when viral lysis releases the DMSP from algal cells. The results also illustrate more generally the potential importance of viral lysis in promoting bacterial breakdown of algal organic matter. Lytic viruses have been frequently hypothesized to be biogeochemical agents that facilitate bacteria-mediated catabolism (e.g. remineralization) of the cell contents of host cells (Proctor & Fuhrman 1990 , Fuhrman & Suttle 1993 , Reisser 1993 , Milligan & Cosper 1994 . To our knowledge, our data on DMS production in lysed LB991 provide the first published, direct evidence of this role for marine phytoplankton viruses. The data on axenic algal cultures in Fig. 1 demonstrate, specifically, that when DMSP-synthesizing phytoplankton are lysed by viruses, the release of their DMSP is total. The entire quantity is thus made available to metabolism by the local bacterial community. One reason we believe the characterization of this viral effect is an important finding is the recent discovery of increasing numbers of viruses of DMSP-synthesizing eukaryotic phytoplankton. The Micromonas-MPV system described here may itself be significant on a global scale because both the alga and virus have cosmopolitan distributions (Cottrell & Suttle 1991) . In just the last 4 yr, viruses (Table 1) have also become known for phytoplankton in the genera Aureococcus, Chrysochromulina, Emiliania, and Phaeocystis, the last 3 of which are well known as important DMSP producers (Keller et al. 1989b , Liss et al. 1994 ). Viral lysis leading to total DMSP release may be a common fate for DMSP-synthesizing phytoplankton, indicating that marine algal viruses may be a component of the biological system that shapes global climate via impacts on sulfur flux.
A field study of Micromonas and MPV in an enclosed coasta.1 basin (Cottrell & Suttle 1995) indicated that the alga and virus maintain a stable coexistence, with MPV lysing possibly up to 50%, but more likely 2 to 10%, of cells d-l. The effect of such steady cropping on productivity of DMSP is not necessarily negative. Much as Fuhrman (1992) has argued for bacterial population~, daily lysis of a fraction of algal numbers could enhance algal productivity-and thus DMSP productivity-by hastening cell turnover and nutrient recycling. In the coastal basin, the lysis rate of Micromonas reached 6 X 105 cells 1-' d-l. The immediate effect of lysis was thus acceleration of DMSP flux to the dissolved pool by as much as 1 nmol I-' every 12 d [calculated by use of a cellular DMSP content intermediate between our value and that previously published (Keller et al. 1989a) l. More-rapid releases of DMSP may accompany virus-induced bloom collapses. Data on collapses of Emiliania huxleyi blooms indicate that a 180 nm diameter virus can account for 25 to 100 % of mortality and elevation of dissolved DMSP by 13 to 1979 (1) 1993 (2) 1994 (3) 1995 (4) 1996 (5) Qnly viruses for which propagation has been reported are listed. The following additional genera are found both on llsts of DMSP-synthesizing taxa (Keller et al. 1989a ) and on lists of taxa exhibiting VLPs (Reisser 1993) : Coccolithus, Crj/ptomonas, Hymenomonas, Nannochloropsis, and Tetraselmjs bValues are per ml of cellular volume; all taken, for consistency, from Keller et al. (1989a, b) . Values for Chrysochrom~ilina and Phaeocystis are for congeners 'Diameter of main body. All but the virus of Aureococcus lack tails "l) Mayer&Taylor (1979) ; (2) (1996) 50 nmol I-' in just a few days (Keller et al. 1989a , Bratbak et al. 1993 . To provide perspective, concentrations of DMS in ocean surface waters average 3 nmol 1-' (Andreae 1990), and concentrations of dissolved DMSP are commonly 2 to 25 nmol 1-' (Iverson et al. 1989 ). Because many host-virus systems presumably exist in natural waters (Suttle et al. 1990 , Reisser 1993 , Milligan & Cosper 1994 , Suttle & Chan 1995 , Jacobsen et al. 1996 , the summed impact of all algal viruses may be many times greater than calculated here for single host-virus systems. The mechanisms and rates of DMSP release from phytoplankton are likely to be key parameters in DMSmediated climate modulation. The surface-water DMS concentration, which is the principal immediate determinant of DMS flux to the atmosphere (Andreae 1990 , Malin et al. 1992 , Malin 1996 , is not a simple product of the amount of DMSP synthesis by phytoplankton. Instead, it depends on multiple dynamically interacting processes that make and remove DMS and divert DMSP to other products. These processes include the bacterial degradation of DMSP to DMS already noted, bacterial catabolism of DMSP to other products (Visscher et al. 1992 , Taylor & Visscher 1996 , and both biological (Kiene & Bates 1990 , Taylor & Visscher 1996 and chemical (Brimblecombe & Shooter 1986) destruction of DMS. Within a matrix of processes such as this, the concentration of any component at any time depends on dynanzic interactions. The surface-water DMS concentration depends not just on how much DMSP is made, but on the times, sites, and rates of release of the DMSP from algal cells. Viruses may affect all 3 of these dynamically critical parameters in ways distinct from other DMSP-release mechanisms, especially because of their species-specific nature. Thus, the discovery of virus-mediated DMSP release presents possibilities heretofore unrecognized.
